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Abstract
Over the past years, dynamin has been implicated in tuning the amount and nature of transmitter released during
exocytosis. However, the mechanism involved remains poorly understood. Here, using bovine adrenal chromaffin cells, we
investigated whether this mechanism rely on dynamin’s ability to remodel actin cytoskeleton. According to this idea,
inhibition of dynamin GTPase activity suppressed the calcium-dependent de novo cortical actin and altered the cortical actin
network. Similarly, expression of a small interfering RNA directed against dynamin-2, an isoform highly expressed in
chromaffin cells, changed the cortical actin network pattern. Disruption of dynamin-2 function, as well as the
pharmacological inhibition of actin polymerization with cytochalasine-D, slowed down fusion pore expansion and
increased the quantal size of individual exocytotic events. The effects of cytochalasine-D and dynamin-2 disruption were not
additive indicating that dynamin-2 and F-actin regulate the late steps of exocytosis by a common mechanism. Together our
data support a model in which dynamin-2 directs actin polymerization at the exocytosis site where both, in concert, adjust
the hormone quantal release to efficiently respond to physiological demands.
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Introduction
Dynamin is a mechano-GTPase encoded by three distinct genes
(DNM1, DNM2 and DNM3) that generates membrane deforma-
tion and triggers membrane fission [1]. Its best characterized
function is the scission of nascent vesicles from the plasma
membrane during endocytosis. Of the three dynamin isoforms
only dynamin-2 is ubiquitously expressed, while dynamin-1 is
exclusively expressed in neuronal tissue, and dynamin-3 is only
present in brain, testis, heart and lungs [2], [3]. Studies in knock-
out animals show that only dynamin-2 is critical during early
embryonic development [4] and that the absence of dynamin-1 or
-3 can be compensated by the other isoforms [5]. From these
findings arises the idea that the different dynamin isoforms have
overlapping roles and their relative contribution to endocytosis in
a given tissue is mostly determined by their abundance rather than
on structural specialization [5].
Dynamin participates in several cellular processes that are
dependent on the actin cytoskeleton dynamics, some of them are
actin comet [6], [7] lamellipodia formation [8], T cell activation
[9], phagocytosis [10] and different types of endocytosis [11–14].
Furthermore, a functional link between dynamin and actin has
been observed during endocytosis, where one regulates the
recruitment of the other [14] and both work synergistically to
efficiently catalyze membrane scission [12]. The exact mechanism
of the crosstalk between dynamin and actin is not completely clear,
but some evidences suggest that dynamin binds directly to actin
filaments to promote its polymerization by displacing the actin
capping protein gelsolin [15]. Additionally, dynamin can control
the stability of actin filaments in association with the actin-binding
protein cortactin, in a GTP hydrolysis-dependent way [16], [17].
In neuroendocrine cells, both actin and dynamin have been
involved in the regulation of the exocytotic process. On one hand,
cortical actin network is reorganized during exocytosis [18],
wherein it regulates the expansion of the fusion pore [19], an
intermediate structure formed during the fusion of the secretory
vesicle with the plasma membrane [20]. On the other hand,
dynamin appears to regulate both fusion pore expansion [21] and
closure [22], [23], and to control the quantal size of release events
[24–27]. These actions have been attributed to the neuronal
isoform dynamin-1 [21], [23], [25], while dynamin-2 has been
proposed to specialize in the regulation of compensatory
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endocytosis [28]. This functional divergence suggests that different
dynamin isoforms are specifically tuned to regulate different stages
of the granule life cycle rather than having overlapping roles.
Here using molecular tools that disrupt endogenous dynamin-2
function or expression we demonstrate that this isoform, which is
highly expressed in bovine chromaffin cells (BCC), controls fusion
pore expansion and quantal size. Additionally, we found that
dynamin-2 regulates the organization and Ca2+-dependent
assembly of cortical actin. Similarly to that observed with the
disruption of dynamin-2 function or expression, disturbance of
actin dynamics increased fusion pore duration and quantal size,
but these effects were no longer visible when endogenous
dynamin-2 was already disrupted. These results strongly suggest
that dynamin-2 regulates different stages of exocytosis through a
mechanism that involves actin dynamics.
Results
Dynamin-2 is Highly Expressed in Bovine Chromaffin
Cells
To evaluate the relative expression of dynamin isoforms 1 and 2
in bovine chromaffin cells (BCC), we performed RT-PCR and
western blot assays. RT-PCR showed that both isoforms are
expressed, but dynamin-1 mRNA levels are substantially lower in
BCC compared to the transcript coding for dynamin-2 (Fig. 1A).
At protein level, western blot analysis with an antibody that is
specific for dynamin-1 revealed a 100 kDa band in the bovine
brain extract, but failed to detect any protein in BCC (Fig. 1B). In
contrast, western blotting with an antibody raised against
dynamin-2 allowed us to detect a robust 100 kDa band in BCC
as well as in the bovine brain and mouse fibroblast. As these results
indicate that dynamin-2 is highly expressed in BCC, we
investigated the role of this isoform in the exocytosis.
Endogenous Dynamin-2 Controls the Quantal Release of
Catecholamines in Chromaffin Cells
To study the role of endogenous dynamin-2 in exocytosis we
used a small interfering RNA strategy (iRNADyn2) to down-
regulate its expression [29] or a dominant negative mutant
(Dyn2K44A) to inhibit its GTPase activity [30], [31]. The
efficiency of these constructs in BCC was evaluated using an
anti-dopamine-beta-hydroxylase (DBH) antibody internalization
assay to monitor compensatory endocytosis of chromaffin granules
[32], a process known to be dependent on dynamin-2 [28].
iRNADyn2 significantly reduced the DBH internalization by 53%
compared to cells expressing the empty vector pEGFP or an
unrelated iRNA (iRNA-UnR) (Fig. S1). Similarly, Dyn2K44A
expression reduced the DBH internalization by 52% compared to
the expression of wild-type dynamin-2 (Dyn2WT); thus, the
functional efficacy of these constructs was confirmed.
Then, we analyzed the contribution of dynamin-2 to calcium-
regulated exocytosis. Catecholamine release from adrenal chro-
maffin cells was stimulated with the nicotinic agonist 1,1-dimethyl-
4-phenyl-piperazinium (DMPP) to mimic the physiological condi-
tion. The different stages of exocytosis were monitored by
amperometry. From each amperometric spike we analyzed the
quantal size (Q), which is proportional to the amount of
catecholamines released per event, and the half-width (t1/2) that
reflects the duration of the exocytotic events (Fig. 2A). Figure 2B
shows examples of amperometric spikes induced by 10 mM DMPP
in cells expressing pEGFP, Dyn2WT, Dyn2K44A and iRNA-
Dyn2, respectively. Stimulation of untransfected BCC with a 10 s
pulse of 10 mM DMPP produced 20.162.2 amperometric spikes
in 100 s (n = 45), which mean Q and t1/2 values were 0.860.1 pC
and 14.260.8 ms, respectively. The expression of iRNAUnR,
Dyn2WT or pEGFP vectors did not change significantly any of
the amperometric parameters (Fig. 2C–D and Table 1). Con-
versely, the disruption of endogenous dynamin-2 expression by
iRNADyn2 significantly increased Q (1.360.1 pC) and t1/2
(19.461.6 ms) without significant differences in the number of
exocytotic events (23.063.2) as compared with those obtained in
pEGFP or iRNAUnR transfected cells. Likewise, the expression of
Dyn2K44A significantly increased Q (1.360.1 pC) and t1/2
(18.461.9 ms) without affecting the number of amperometric
spikes (21.563.1) (Fig. 2C–D and Table 1). Finally, the expression
of the different constructs did not affect the amplitude of the
amperometric spikes (see Table 1). These data show that, under
stimulation of nicotinic receptors, dynamin-2 adjusts the amount
of hormones released via it GTPase activity.
Endogenous Dynamin-2 Controls the Expansion of the
Initial Fusion Pore
To investigate whether dynamin-2 regulates the dynamics of the
fusion pore, we analyzed the small pre-spike current, usually called
‘‘foot’’, which reflects the slow release of transmitters through an
initial fusion pore [33]. The ‘‘foot’’ duration correlates with the
stability of the fusion pore [20], while its amplitude is proportional
to its conductance [34]. In untransfected cells, 60.664.3% of
amperometric spikes exhibited foot signals with mean duration of
Figure 1. Dynamin-2 is highly expressed in bovine adrenal
chromaffin cells. Relative expression of dynamin-1 and -2 was
evaluated in BCC and PC12 cells using RT-PCR and western-blot. A: RT-
PCR results. Note that in BCC, the amount of dynamin-1 mRNA is
significantly lower as compared with the dynamin-2 transcript. Actin
was used as an amplification control. A control without reverse
transcriptase (RT) was performed in parallel to rule out genomic
contamination. Signs+or – indicate, respectively, the presence or
absence of RT during amplification. B: Western-blot results. Proteins
from bovine brain (BB), BCC, PC12 cells and primary adult mouse
fibroblasts (AMF) extracts were separated by electrophoresis on a 4–
12% polyacrylamide gel gradient and analyzed by western blot. Note
that dynamin-1 level was almost undetectable in BCC. b-actin was used
as loaded control.
doi:10.1371/journal.pone.0070638.g001
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14.661.6 ms and mean amplitude of 12.961.1 pA. Transfection
with pEGFP, iRNA-UnR or Dyn2WT did not significantly change
these values (see values in Table 1). Interestingly, disruption of
endogenous dynamin-2 by expression of iRNADyn2 or inhibition
of its GTPase activity by overexpressing Dyn2K44A prolonged the
duration of the foot signals (22.462.1 and 19.461.8 and ms,
respectively), as compared with pEGFP- or Dyn2WT-transfected
cells (14.361.4 and 11.861.1 ms, respectively) (Fig. 2E), but it did
not have any significant effect on foot frequency or foot amplitude
of the exocytotic events triggered by 10 mM DMPP (see values in
Table 1). These results indicate that endogenous dynamin-2
controls the fusion pore expansion, without influencing its
conductance.
Dynamin-2 Controls Cortical Actin Assembly in Bovine
Chromaffin Cells
To explore the possibility that dynamin-2 actions on the
exocytosis were linked to dynamin’s ability to remodel actin
cytoskeleton, we first evaluated the effect of dynamin disruption on
the actin organization. In order to analyze the cortical actin
distribution in BCC we visualized actin filaments (F-actin) at the
plasma membrane level using total internal reflection fluorescence
microscopy (TIRFM) in living cells transfected with the fluorescent
dye Life-act-ruby. Life-act-ruby is a peptide that binds F-actin with
low affinity and thus constitutes a powerfull tool to visualize actin
organization in vivo without affecting its polymerization/depoly-
Table 1. Amperometric parameters of exocytotic events
induced by 10 mM DMPP in cells transfected with pEGFP, UnR-
iRNA, iRNADyn2, Dyn2WT or Dyn2K44A.
pEGFP
UnR-
iRNA iRNADyn2
Dyn2
WT
Dyn2
K44A
Number of
events
17.761.7 24.263.6 23.063.2 20.262.4 21.563.1
Q (pC) 0.8360.08 0.8760.09 1.3360.08* 0.7860.09 1.3360.12{
t1/2 (ms) 13.661.1 13.060.8 19.461.6* 11.561.0 18.461.8
{
Imax (pA) 51.563.8 55.165.1 59.465.6 65.367.9 62.463.7
Foot frequency
(%)
63.365.5 57.963.7 57.863.6 61.6610 63.468.3
Foot amplitude
(pA)
12.461.3 13.661.0 11.360.9 11.661.1 12.161.6
Foot duration
(ms)
14.361.4 11.060.6 22.462.1* 11.861.1 19.461.8{
Number of
cells
35 28 29 15 18
Data are means 6 SEM of averages, where n is the number of cells. Imax
corresponds to the spike amplitude.
*p,0.05 compared with pEGFP-transfected cells;
{p,0.05 compared with Dyn2 WT-transfected cells (Kruskal-Wallis test).
doi:10.1371/journal.pone.0070638.t001
Figure 2. Endogenous dynamin-2 regulates the quantal release and expansion of the fusion pore. Exocytosis was evoked with 10 mM of
the nicotinic agonist DMPP and monitored using amperometry. A: A typical amperometry trace in a single control chromaffin cell stimulated with
10 mM DMPP. B: Scheme of an amperometric spike with the analyzed parameters: quantal size (Q), half width (t1/2) and foot duration. C: Typical
amperometric spikes induced by 10 mM DMPP in cells transfected with pEGFP, Dyn2WT, Dyn2K44A or iRNADyn2. D–F: Data show average values 6
SEM of Q (C), t1/2 (D) and foot duration (E) of amperometric events in cells transfected with pEGFP (n = 35), iRNA-UnR (n = 28), Dyn2WT (n = 15) in
white bars, and cells transfected with iRNADyn2 (n = 29) or Dyn2K44A (n = 18) in gray bars. All amperometric parameter values correspond to the
median values of the events from individual cells, which were subsequently averaged per treatment group. Thus, n corresponds to the number of
cells in each treatment group. Note that the down-regulation of dynamin-2 (iRNADyn2) or the inhibition of its GTP-ase activity (Dyn2K44A)
significantly increased Q, t1/2 and foot duration of the exocytotic events evoked by 10 mM DMPP. *p,0.05 (Kruskal-Wallis test).
doi:10.1371/journal.pone.0070638.g002
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merization dynamics [35]. Under these experimental conditions,
cortical actin was observed as a network of fibers of different
thickness. This pattern was maintained in cells expressing pEGFP,
iRNAUnR or Dyn2WT (Fig. 3). However, the expression of
iRNADyn2 or Dyn2K44A, as well as the inhibition of dynamin
GTPase activity with dynasore, modified this pattern displaying a
punctuated actin staining, similar to that observed in the presence
of the actin-disrupting drug cytochalasine D (CytoD) (Fig. 3).
These effects were unrelated to the inhibition of endocytosis since
the expression of Eps15ED95/295, a mutant of the epidermal
growth factor receptor substrate 15 (Eps15) that admittedly
inhibits compensatory endocytosis in chromaffin cells [32], had
no effect on the actin cytoskeleton organization (Fig. 3).
Previously, we proposed a de novo formation of actin filaments in
the course of exocytosis in chromaffin cells [18], [36]. Therefore,
we next evaluated the effects of the pharmacological inhibition of
dynamin GTPase activity on de novo actin filament formation in
permeabilized cells. As shown in Figure 4A G-actin polymerized
into the pre-existing cortical F-actin, forming a ring beneath the
plasma membrane. The new formation of cortical actin filaments
was critically dependent on the Ca2+ levels, being maximal at a
range of 1 to 10 mM free Ca2+ (Fig. 4B–C), which is the range of
Ca2+ concentration known to favor exocytosis in permeabilized
chromaffin cells [37]. Interestingly, this Ca2+-dependent cortical
actin polymerization was abolished in the presence of the inhibitor
of dynamin GTPase activity dynasore, alike to that observed in the
presence of CytoD or in the absence of ATP (Fig. 5A–B).
Overall these data suggest that the GTP-ase activity of
dynamin-2 is required for the proper cortical actin organization
during exocytosis in bovine chromaffin cells.
Actin Dynamics Regulates the Late Stages of Exocytosis
In order to analyze how the disruption of actin polymerization
affects the exocytosis, we evaluated the effect of CytoD on the
amperometric parameters. Similarly to that observed with
iRNADyn2 and Dyn2K44A, CytoD treatment significantly
increased Q (1.6260.16 pC) and t1/2 (19.861.98 ms) of the
exocytotic events induced by 10 mM DMPP. Furthermore,
compared with control cells, CytoD also increased foot duration
(21.561.76 ms). These data confirm that cortical actin polymer-
ization controls both, expansion of the initial fusion pore and
catecholamine quantal release.
We also analyzed the effects of CytoD in cells expressing
pEGFP, iRNADyn2 or Dyn2K44A. Similarly to what occurs in
untransfected cells, CytoD treatment in pEGFP-transfected cells
increased significantly Q (1.560.1 pC), t1/2 (20.261.5 ms) and
foot duration (21.561.6 ms) of the exocytotic events (Fig. 6A–C).
However, in cells transfected with iRNADyn2 or Dyn2K44A, the
CytoD treatment did not induce any additional increase in Q, t1/2
or foot duration (Fig. 6A–C), suggesting that endogenous
dynamin-2 and F-actin work through a common mechanism
regulating the fusion pore expansion and the quantal release of
hormones in BCCs.
Discussion
Dynamin-2 is a widely ubiquitously expressed GTPase whose
mutations cause severe hereditary neuropathies and myopathies in
humans [38]. The cellular mechanisms underlying these diseases
are still unclear, and do not necessarily include a dysfunction on
clathrin-dependent endocytosis [39], [40], therefore, the knowl-
edge of the spectrum of dynamin-2 functions is pivotal. In the
present work we demonstrate that dynamin-2 is robustly expressed
in chromaffin cells, and that it is involved not only in endocytosis
but also in exocytosis and actin cytoskeleton dynamics.
The fusion pore dynamics appears to adjust the type and
amount of transmitters released during exocytosis [41]. Once
opened, the fusion pore can close again [34], [42], or expands and
then reseals after dilation [43], thus controlling the amount of
molecules being released. The ability of dynamin to generate
membrane curvatures and trigger membrane fission [44] has
encouraged several authors to propose that this GTPase is
Figure 3. Impaired function or expression of dynamin-2 change F-actin organization pattern. Cells were transfected with Life-act-ruby
(n = 11) or co-transfected with Life-act-ruby and pEGFP (n = 34), iRNA-UnR (n = 9) Dyn2WT (n= 21), Dyn2K44A (n = 31), iRNADyn2 (n = 38) or
Eps15ED95/295 (n = 17) plasmids and visualized by TIRF microscopy 48 h later. To evaluate the effects of a pharmacological inhibition of dynamin,
cells transfected with Life-act-ruby were treated with 100 mM dynasore (n = 28), or the vehicle DMSO (n= 25) during 1 hr at 37uC. The 81.8% of control
cells exhibited a ‘‘normal’’ pattern with clear cortical actin fibers. This value was not significantly different in cells expressing pEGFP (73.6%), iRNA-UnR
(88.9%) or Dyn2WT (85.7%) constructs. However, the expression of Dyn2K44A or iRNADyn2, as well as the treatment with dynasore, modified the
cortical actin organization and 80.6%, 92.1% and 71.4% of the cells, respectively, exhibited a ‘‘punctuate’’ pattern. The treatment with 4 mM CytoD
during 10 minutes at 37uC produced exactly the same effect: 84.6% of the cells displayed a ‘‘punctuate’’ pattern. Eps15ED95/295 expression did not
alter actin organization (82.4% of cells exhibited a normal pattern), indicating that dynamin, but not of endocytosis disruption, modified the actin
cytoskeleton pattern. Scale bar = 5 mm.
doi:10.1371/journal.pone.0070638.g003
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Figure 4. Calcium-dependent cortical actin polymerization in permeabilized chromaffin cells. Cultured chromaffin cells were
permeabilized in buffer KGEP (mM: 139 K+-glutamate, 20 Pipes, 5 EGTA, 2 ATP-Mg and 0.01 free calcium, pH 6.6) during 6 minutes with 20 mM
digitonin in the presence of 0.3 mM Alexa-Fluor488-G-actin conjugate (AF488-G-actin), fixed and visualized by confocal microscopy. A: Total F-actin
was stained using 1 mM phalloidin-rodhamine B (red) and nuclei were stained with 5 mg/ml DAPI (blue). Note that newly synthesized actin was
incorporated into pre-existing cortical filaments. B–C: The new formation of cortical actin filaments was assessed by quantifying AF488-G-actin
staining mean intensity at the cell periphery in the presence of increasing free Ca2+ concentrations. Note that maximal cortical actin polymerization
was observed at a range of 1–10 mM of free Ca2+. Scale = 10 mm. Data are means of cortical actin fluorescence intensity from at least 12 cells per each
Ca2+ concentration (12 cells for 0.01 mM Ca2+, 13 cells for 0.1 mM Ca2+, 15 cells for 1 mM Ca2+,and 18 cells for 10 mM Ca2+).
doi:10.1371/journal.pone.0070638.g004
Figure 5. Inhibition of dynamin GTP-ase activity suppresses Ca2+-dependent de novo cortical actin polymerization. A: Representative
images of F-actin formation in cells permeabilized in the presence of 10 mM free Ca2+. Note that no new polymerized cortical actin was observed
when the permeabilization was performed in the absence of ATP-Mg (n = 16) or in the presence of 4 mM CytoD (n= 27) or 100 mM dynasore (n = 28)
Scale bar = 10 mm B: Quantification of G-actin staining mean intensity at the cell periphery. Data are means of cortical actin fluorescence intensity
*p,0.05 compared with cells treated with DMSO (ANOVA).
doi:10.1371/journal.pone.0070638.g005
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responsible of resealing the secretory vesicle after expansion of the
fusion pore [22], [23], [27]. This should explain why dynamin
disruption increases the quantal size and the duration of the
exocytotic events, which is consistent with our findings and
previous reports [24], [26]. Nonetheless, other explanations are
also plausible. For instance, it has been described that in
chromaffin cells vesicular catecholamine content changes in
tandem with granule size [45], [46]. This could induce a change
in both, the quantal size and foot duration [47]. Previously, we
observed that acute disruption of dynamin-synaptophysin associ-
ation increases the quantal size without modifications in granule
volume [26] supporting the idea that dynamin does not influence
the granule size. In the current work, we found no changes on the
mean diameter of chromaffin granules in cells treated during 1 h
with dynasore (Fig. S2), additionally discarding a role of dynamin
in regulating granule size. As dynamin-2 regulates granule
formation from the Golgi apparatus in neuroendocrine cells
[48], we checked whether disruption of dynamin-2 function might
affect the number of granules. Our analysis yielded values of
0.6360.04 and 0.5560.05 granules/mm2 for control and dyna-
sore-treated cells respectively, demonstrating that dynasore does
not affect the number of granules. However, the role of dynamin-2
on granulogenesis in BCC would require further investigations and
the use of more potent inhibitors like dyngo4A [49], [50].
Another interesting possibility is that dynamin disruption favors
compound exocytosis, a specialized form of secretion in which
vesicles undergo fusion with each other before or during exocytosis
[51], producing release events with larger quantal size. However,
electron microscopy examination of 10 mM DMPP-stimulated and
dynasore-treated cells did not reveal granule-granule fusion (Fig.
S3). Hence, the most plausible explanation for the effects of
dynamin-2 disruption on the quantal size is that this GTPase
favors the closure of an already expanded fusion pore, restricting
the amount of transmitter released. However, we remain puzzled
on how dynamin can accelerate the expansion of the fusion pore,
as observed here (Fig. 2) and by other authors (21).
Both dynamin-1 and -2 favor diverse types of fusion processes
including acrosomal reaction [52], cell to cell fusion [53], [54] and
fusion of virus with host cells [55], [56]. In these processes, as in
exocytosis [21], dynamin appears to act facilitating the expansion
of the fusion pore [52], [56]. The mechanism is still elusive but
likely relies on dynamins ability to sense curvature and remodel
membranes, and probably requires the participation of other
molecules. Here we propose that dynamins action on the fusion
pore expansion depends on the cortical actin dynamics, which is
also involved in the aforementioned fusion processes [57–60].
In secretory cells, cortical actin is reorganized during the
exocytotic process [18]. Moreover, as observed by us (Fig. 6) and
by other authors [19], [61],actin cytoskeleton disruption with
CytoD prolongs the fusion pore lifetime and increases the quantal
size of the exocytotic events. These effects were not related with
changes on the granule size evaluated by capacitance measure-
ments [19] or by electron microscopy (Fig. S2). Here, we show for
the first time that new actin filaments are assembled beneath the
plasma membrane in a process that depends on the Ca2+
concentration (Fig. 4), as well as on dynamins GTP-ase activity
(Fig. 5), supporting the idea that dynamin-2 plays a pivotal role in
the rearrangement of cortical actin during exocytosis.
The fact that CytoD effects on the exocytosis were no longer
visible when the endogenous dynamin-2 was disrupted (Fig. 6),
additionally suggests that dynamin-2 works through/or in
association with F-actin in regulating both fusion pore expansion
and quantal size. We have previously reported that de novo actin
polymerization at the exocytotic sites is under the control of the
GTPase Cdc42 and its effector, the nucleation promoting factor
(NPF) N-WASP [36]. Interestingly, N-WASP and dynamin-2 are
known to be functionally linked to regulate actin dynamics during
membrane trafficking processes [62], [63]. Recently, Samasilp and
Figure 6. Dynamin-2 and actin polymerization regulate the fusion pore expansion and quantal size in BCC. Chromaffin cells were
incubated with 4 mM CytoD during 10 minutes at 37uC. After that the exocytosis was evoked with 10 mM DMPP. A–C: Data show average values 6
SEM of Q (A), t1/2 (B) and foot duration (C) of amperometric spikes induced by 10 mM DMPP in cells transfected with pEGFP (n = 27), Dyn2K44A (n = 13)
or iRNADyn2 (n = 16). All amperometric parameter values correspond to the median values of the events from individual cells, which were
subsequently averaged per treatment group. Thus, n correspond to the number of cells in each treatment group. Note that the CytoD treatment
(grey bars) significantly increased Q, t1/2 and foot duration of the exocytotic events in cells transfected with pEGFP, without additional effects in cells
transfected with Dyn2K44A or iRNADyn2. * p,0.05 compared with the untreated cells (Kruskal-Wallis test).
doi:10.1371/journal.pone.0070638.g006
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co-workers observed in mouse chromaffin cells that disrupting the
association of dynamin with syndapin, a synaptic partner of
dynamin that binds to its proline-rich domain, limits the expansion
of the fusion pore [64]. Since syndapin also modulates actin
polymerization through N-WASP [65] and interacts with
dynamin-2 [66], [67], it might be a regulator of the cross-talk
between dynamin-2 and other actin-binding proteins.
Based on our results it is tempting to suggest a model in which
dynamin-2, probably in concert with NPFs such as N-WASP,
would promote a localized actin assembly at exocytosis sites during
nicotinic receptor activation. As actin polymerization per se can
generate propulsive or retractile forces to shape membranes [68],
the local actin rearrangement induced by dynamin-2 may provide
the force that drives the expansion of the initial fusion pore. The
participation of motor proteins such myosin II on the fusion pore
expansion [19], [61], [69] is probably required too. Later, F-actin
and dynamin-2 in concert could generate retractile forces to
constrict a slightly expanded fusion pore, favoring the resealing of
the vesicle. Since, as compared with dynamin-1, dynamin-2
exhibits a significantly higher propensity to self-assembly, an
enhanced catalytic activity [70], [71] and a greater sensitivity to
membrane curvature [72], this isoform is likely to be a better
candidate than dynamin-1 to regulate the characteristics of
exocytosis in chromaffin cells, where it is robustly expressed (Fig. 1).
The mechanism proposed here could be physiologically relevant
during mild stimulation for controlling the kinetics and amount of
hormones released during exocytotic events.
Methods
Molecular Biology
Dynamin-2 wild type-GFP (Dyn2WT), dynamin-2 K44A-GFP
(Dyn2K44A) and EPS15 (ED95/295)-GFP were kindly provided
by Dr. Alexandre Benmerah (Institut Cochin, Paris). The pEGFP-
iRNA vector, a bicistronic plasmid that expresses both EGFP and
an iRNA targeted against the sequence of dynamin-2 (iRNA-
Dyn2); and iRNA-UnR were previously described [29]. For iRNA
cloning, a bovine DNA fragment encoding the sequence of
dynamin-2 (GAAGAGCTGATCCCGCTGG), separated from its
reverse complement by a short spacer, was annealed and cloned in
the BglII and HindIII sites in front of the H1 promoter of the
pEGFP-iRNA plasmid. Efficiency of iRNA-induced silencing of
dynamin-2 expression was addressed by western blot analysis in
Hela cells (Fig. S4).
RT-PCR and Western-blot Assays
Total RNA from cultured bovine chromaffin and PC12 cells
were prepared using the GenElute Mammalian total RNA
miniprep kit (Sigma). The RNA (2 mg) was transcribed into cDNA
using oligo (dT) 12–18 and SuperScriptII Reverse Transcriptase
(Invitrogen). 1 ml of the cDNA was used for amplification of the
PLSCR1 transcripts by PCR using Taq DNA polymerase (Sigma)
and specific primers (forward primers 59-GATATGGTAGT-
CAGTGAGCTCACG-39 and 59-GACCTGGTTATCCAG-
GAGCTAATCA-39, reverse primers 59-AACACGCTCAGGG-
TACACGCCA-39 and 59-
GGTCCATGGAGAAGGTGTTCTC-39 for dynamin-1 and -2,
respectively). PCR reactions were run for 35 cycles and PCR
products (605 bp for Dynamin-1 and 645 bp for dynamin-2) were
analyzed on 1% agarose gel. A control without Reverse
Transcriptase was performed in parallel to rule out genomic
contamination.
The expression of dynamin isoforms from BCC, bovine brain
tissue and from PC12 cells was evaluated by western-blotting using
specific antibodies for dynamin-1 (Santa Cruz #sc-12724) and
dynamin-2 (BD#610264). The respective extracts were separated
by electrophoresis on a 4–12% SDS-polyacrylamide gel gradient
and then proteins were electrotranferred to nitrocellulose mem-
branes. Chemiluminescence was developed using the Super Signal
West Dura Extended Duration Substrate system (Pierce). Immu-
noreactive bands were detected using the image acquisition system
Chemi-smart 5000 and quantified using Bio-1D software (Vilber
Lourmat).
Chromaffin Cells Culture, Transfection and Amperometric
Detection of Exocytosis
Bovine adrenal chromaffin cells were isolated as previously
described [73] and incubated at 37uC in a 5% CO2. Cells were
kept at 37uC at least 24 hours before the experiments. Transient
transfections were performed using an Amaxa Nucleofector II
Device (Lonza, Switzerland), according to the manufacturer’s
instructions.
Amperometric recordings were performed as previously de-
scribed [74] using carbon fibers of 5-mm diameter (Thornel P-55;
Amoco Corp) and an AXOPACTH 1C-patch clamp amplifier
modified according to the manufacturer instructions (Molecular
Devices Corporation). The amperometric signal was low-pass
filtered at 1 KHz and digitized at 5 Hz with a PCI-6030 E
analogue to digital converter (National Instruments Corp.),
controlled by a WinEDR software (University of Stratchclyde,
UK). During recording, cells were perfused with a KREBS/
HEPES solution (mM: 140 NaCl, 5.9 KCl, 1.2 MgCl2, 2 CaCl2,
10 Hepes-NaOH, pH 7.4) and exocytosis was evoked by 10 s
pressure ejection of 10 mM DMPP.
Internalization Assays
Anti-DBH antibody internalization assay was performed as
previously described [32]. Briefly, 48 h after transfection with
dynamin-2 constructs, cells were washed in Locke’s solution
(140 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM
KH2PO4, 1.2 mM MgSO4, 11 mM glucose and 15 mM HEPES,
pH 7.2) and stimulated with 59 mM KCl for 30 s at 37uC. Then,
the cells were incubated with a polyclonal anti-DBH antibody (1/
1000) for 30 min at 4uC, washed with Locke’s solution at 37uC for
15 min, fixed and processed for immunofluorescence using an
Alexa-555-conjugated secondary antibody. The distribution of
DBH-containing granules was analyzed by Euclidean Distance
Map [32].
Electron Microscopy
Cultured chromaffin cells were incubated for 10 minutes at
37uC with 4 mM CytoD or for 1 hour with 100 mM dynasore,
fixed for 1 h with 2.5% glutaraldehyde and 2% paraformaldehyde
in 0.1 M sodium cacodylate and then rinsed and post fixed for 2 h
with 1% osmium tetroxide and 0.5% potassium ferrocyanide
(reducer osmium) to enhance membranes. Cells were dehydrated
and embedded in Epon Resin (Embed-812, EMS). Ultrathin
sections were obtained with a Reichert Ultracut-E ultramicro-
tome, mounted on copper grids and contrasted with uranyl acetate
followed by lead citrate. Samples were observed in a Zeiss EM 900
transmission electron microscope operating at 50 kV. Images for
analyses were recorded with a 7,000 X magnification. For the
quantitative morphometric analysis of the chromaffin granules we
included vesicles with an electron dense core and an intact vesicle
membrane. Three different investigators made independent
measurements from the same images and resulting vesicle sizes
were averaged. The area of chromaffin granules was determined
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using the public domain Image J software (NIH, Bethesda, MD,
USA). Granules diameter was calculated assuming a spherical
shape [diameter = 2*(area/p)0.5 ] and corrected using a previously
published algorithm [75]. The secretory granules were counted
using an ImageJ macro that allows automatically select dark
objects. Erroneously selected objects were manually removed to
obtain a corrected number of granules.
TIRF Microscopy to Visualize F-actin Organization in vivo
To obtain high resolution in vivo images of the cortical actin
organization pattern we used TIRFM. Briefly, living plated
chromaffin cells, transfected with Life-act-ruby or co-transfected
with Life-act-ruby and GFP-dynamin-2 constructs, were incubated
in a Krebs-Hepes solution, mounted in a chamber and maintained
at 37uC on the stage of a Nikon inverted microscope (TE2000E)
equipped with a 100X 1.49 N.A oil immersion objective, a white
light TIRF and an intensilight illumination system. Images were
acquired using a CCD cooled camera (Nikon Digital Sight DS-
2MBWc) driven by the ACT2U 1.72 software (Nikon Instruments,
Inc). The depth of the evanescence wave was estimated by the use
of two independent tools: 1) 1 mm-diameter microspheres stabi-
lized in a 1% agarose gel, and 2) a cell line transfected with a GFP
tagged-membrane protein to visualize the forward transport
vesicles. We determined that the maximal distance from the glass,
in which the structures can be visualized, goes from 200 to 500 nm
approximately. TIRF images were analyzed and processed using
the Image-J software (NIH, USA).
De novo Actin Polymerization in Permeabilized Cells
To evaluate de novo actin polymerization, cells were permeabi-
lized during 6 minutes with 20 mM digitonin in KGEP buffer
(mM: 139 K-glutamate, 20 PIPES, 5 EGTA, 2 ATP-Mg2+ and
different free calcium concentration, pH 6.6) in the presence of
0.3 mM Alexa Fluor 488 G-actin conjugate (Molecular Probes)
and then fixed with 4% paraformaldehyde for confocal micros-
copy visualization (upright Eclipse Nikon 80i). Total F-actin was
stained using 1 mM phalloidin-rodhamine B. Confocal images
were analyzed and processed using the Image-J software (NIH,
USA).
Data Analysis and Statistics
Amperometric spikes were analyzed using macros for IGOR
(Wavemetrics) specifically designed to filter, identify and analyze
individual amperometric spikes. All used macros can be down-
loaded from the web-site: http://webpages.ull.es/users/rborges/.
The analysis was restricted to spikes with amplitudes .10 pA. For
foot-signal, the analysis was restricted to spikes with foot
amplitudes .1 pA and foot durations .3 ms. Data of ampero-
metric spikes were averaged by individual cell, thus, data
presented correspond to means 6 SEM of cell averages from at
least three different cultures. For amperometric data and image
analysis ‘‘n’’ refers to the number of tested cells. Statistical
comparisons were performed utilizing the Kruskal-Wallis test for
nonparametric data or ANOVA test for parametric data. Results
are expressed as mean 6 standard error of the mean (SEM).
Ethics Statement
The present work includes the use of samples from animals
(bovine adrenal glands) obtained from a local slaughterhouse,
Frigorific Don Pedro, certificated (Livestock role 04.2.03.0002) by
the Agriculture and Livestock Service of the Chilean Government
and regularly inspected by a veterinarian of the Chilean Health
Service. Transport, processing and elimination of the samples
were carried out in strict accordance with the Article 86 of the
Sanitary Regulations of the Chilean Government (Supreme decree
Nu 977/96).
The protocols described in this article were approved by a
Committee of Bioethics and Biosafety of the Faculty of Science,
University of Valparaı´so, directed by Professor Juan Carlos
Espinoza, on March 7, 2011.
Supporting Information
Figure S1 Expression of iRNADyn-2 and Dyn2K44A efficiently
inhibit compensatory endocytosis of chromaffin granules.
(PDF)
Figure S2 The acute inhibition of dynamin’s GTP-ase activity
or the disruption of actin dynamics does not change the size of
chromaffin granules in resting cells.
(PDF)
Figure S3 Inhibition of dynamin GTP-ase activity does not
induces fusion between chromaffin granules in stimulated cells.
(PDF)
Figure S4 Figure S4: iRNA-Dyn2 decreases the expression of
dynamin-2.
(PDF)
Acknowledgments
We acknowledge the generosity of Dr. A. Benmerah (Institut Cochin, Paris,
France) for kindly providing GFP-Dynamin2WT, GFP-Dynamin2K44A,
and GFP-Eps15ED95/295 constructs. We thank T. Thahouly and F.
Vargas for technical assistance. We acknowledge Mecesup UVA0805
‘‘LAMAF’’ and Plateforme ‘‘Imagerie Cellulaire de Strasbourg Esplanade’’
(IFR 37des Neurosciences). We also thank Frigorı´fico Don Pedro for
providing bovine adrenal glands.
Author Contributions
Conceived and designed the experiments: AMGJ FM SG AMC.
Performed the experiments: AMGJ FM MJG SO XBM NB VC. Analyzed
the data: AMGJ FM MJG SO XBM SH EC. Contributed reagents/
materials/analysis tools: SH EC ADM. Wrote the paper: AMGJ AN SG
AMC.
References
1. Ferguson SM, De Camilli P (2012) Dynamin, a membrane-remodelling GTPase.
Nat Rev Mol Cell Biol 13: 75–88.
2. Cook T, Mesa K, Urrutia R (1996) Three dynamin-encoding genes are
differentially expressed in developing rat brain. J Neurochem 67: 927–931.
3. Cao H, Garcia F, McNiven MA (1998) Differential distribution of dynamin
isoforms in mammalian cells. Mol Biol Cell 9: 2595–2609.
4. Ferguson SM, Raimondi A, Paradise S, Shen H, Mesaki K et al. (2009)
Coordinated actions of actin and BAR proteins upstream of dynamin at
endocytic clathrin-coated pits. Dev Cell 17: 811–822.
5. Raimondi A, Ferguson S, Lou X, Armbruster M, Pradise S, et al. (2011)
Overlapping role of dynamin isoforms in synaptic vesicle endocytosis. Neuron
70: 1100–1114.
6. Lee E, De Camilli P (2002) Dynamin at actin tails. Proc Natl Acad Sci USA 99:
161–16.
7. Orth JD, Krueger EW, Cao H, McNiven MA (2002) The large GTPase
dynamin regulates actin comet formation and movement in living cells. Proc
Natl Acad Sci USA 99: 167–172.
8. Yamada H, Abe T, Li S, Masuoka Y, Isoda M, et al. (2009) Dynasore, a
dynamin inhibitor, suppresses lamellipodia formation and cancer cell invasion
by destabilizing actin filaments. Biochem Biophys Res Commun 390: 1142–
1148.
9. Gomez TS, HamannM, McCarney S, Savoy D, Lubking C, et al. (2005)
Dynamin 2 regulates T cell activation by controlling actin polymerization at the
immunological synapse. Nat Immunol 6: 261–370.
Dynamin-2 Regulates Exocytosis by Actin Dynamics
PLOS ONE | www.plosone.org 8 August 2013 | Volume 8 | Issue 8 | e70638
10. Otsuka A, Abe T, Watanabe M, Yagisawa H, Takei A, et al. (2009) Dynamin 2
is required for actin assembly in phagocytosis in Sertoli cells. Biochem Biophys
Res Commun 378: 478–482.
11. Merrifield CJ, Feldman ME, Wan L, Almers W (2002) Imaging actin and
dynamin recruitment during invagination of single clathrin-coated pits. Nat Cell
Biol 4: 691–8.
12. Itoh T, Erdmann K, Roux A, Habermann B, Werner H, et al. (2005) Dynamin
and the actin cytoskeleton cooperatively regulate plasma membrane invagina-
tion by BAR and F-BAR proteins. Dev Cell 9: 791–804.
13. Nguyen TH, Maucort G, Sullivan R, Schenning M, Lavidis N, et al. (2012)
Actin- and dynamin-dependent maturation of bulk endocytosis restores
neurotransmission following synaptic depletion. PLoS One 7: e36913.
14. Taylor MJ, Lampe M, Merrifield CJ (2012) A feedback loop between dynamin
and actin recruitment during clathrin-mediated endocytosis. PLoS Biol 10:
e1001302.
15. Gu C, Yaddanapudi S, Weins A, Osborn T, Reiser J, et al. (2010) Direct
dynamin-actin interactions regulate the actin cytoskeleton. EMBO J 29: 3593–
3606.
16. Mooren OL, Kotova TI, Moore AJ, Schafer DA (2009) Dynamin 2 GTPase and
cortactin remodel actin filaments. J Biol Chem 284: 23995–24005.
17. Yamada H, Abe T, Satoh A, Okazaki N, Tago S, et al (2013) Stabilization of
actin bundles by a dynamin 1/cortactin ring complex is necessary for growth
cone filopodia. J Neurosci 33: 4514–4526.
18. Malacombe M, Bader MF, Gasman S (2006) Exocytosis in neuroendocrine cells:
new tasks for actin. Biochim Biophys Acta 1763: 1175–1183.
19. Berberian K, Torres AJ, Fang Q, Kisler K, Lindau M (2009) F-actin and myosin
II accelerate catecholamine release from chromaffin granules. J Neurosci 29:
863–870.
20. Lindau M, Alvarez de Toledo G (2003) The fusion pore. Biochim Biophys Acta
1641: 167–173.
21. Anantharam A, Bittner M, Aikman R, Stuenkel E, Schmid S, et al. (2011) A new
role for the dynamin GTPase in the regulation of fusion pore expansion. Mol
Biol Cell 22: 1907–1918.
22. Holroyd P, Lang T, Wenzel D, De Camilli P, Jahn R (2002) Imaging direct,
dynamin-dependent recapture of fusing secretory granules on plasma membrane
lawns from PC12 cells. Proc Natl Acad Sci USA 99: 16806–16811.
23. Tsuboi T, McMahon HT, Rutter GA (2004) Mechanisms of dense core vesicle
recapture following ‘‘kiss and run’’ (‘‘cavicapture’’) exocytosis in insulin-secreting
cells. J Biol Chem 279: 47115–47124.
24. Graham ME, O’Callaghan DW, McMahon HT, Burgoyne RD (2002)
Dynamin-dependent and dynamin-independent processes contribute to the
regulation of single vesicle release kinetics and quantal size. Proc Natl Acad Sci
USA 99: 7124–7129.
25. Fulop T, Doreian B, Smith C (2008) Dynamin I plays dual roles in the activity-
dependent shift in exocytic mode in mouse adrenal chromaffin cells. Arch
Biochem Biophys 477: 146–154.
26. Gonza´lez-Jamett AM, Ba´ez-Matus X, Hevia M, Guerra MJ, Olivares MJ, et al.
(2010) The association of dynamin with synaptophysin regulates quantal size and
duration of exocytotic events in chromaffin cells. J Neurosci 30: 10683–10691.
27. Elhamdani A, Palfrey HC, Artalejo CR (2001) Quantal size is dependent on
stimulation frequency and calcium entry in calf chromaffin cells. Neuron 31:
819–830.
28. Artalejo CR, Elhamdani A, Palfrey HC (2002) Sustained stimulation shifts the
mechanism of endocytosis from dynamin-1-dependent rapid endocytosis to
clathrin- and dynamin-2-mediated slow endocytosis in chromaffin cells. Proc
Natl Acad Sci USA 99: 6358–6363.
29. Momboisse F, Lonchamp E, Calco V, Ceridono M, Vitale N, et al. (2009)
betaPIX-activated Rac1 stimulates the activation of phospholipase D, which is
associated with exocytosis in neuroendocrine cells. J Cell Sci 122: 798–806.
30. Damke H, Baba T, Warnock DE, Schmid SL (1994) Induction of mutant
dynamin specifically blocks endocytic coated vesicle formation. J Cell Biol 127:
915–934.
31. Warnock DE, Terlecky LJ, Schmid SL (1995) Dynamin GTPase is stimulated by
crosslinking through the C-terminal proline-rich domain. EMBO J 14: 1322–
1328.
32. Ceridono M, Ory S, Momboisse F, Chasserot-Golaz S, Houy S, et al. (2011)
Selective recapture of secretory granule components after full collapse exocytosis
in neuroendocrine chromaffin cells. Traffic 12: 72–88.
33. Chow RH, von Ru¨den L, Neher E (1992) Delay in vesicle fusion revealed by
electrochemical monitoring of single secretory events in adrenal chromaffin cells.
Nature 356: 60–63.
34. Albillos A, Dernick G, Horstmann H, Almers W, Alvarez De Toledo G, et al.
(1997) The exocytotic event in chromaffin cells revealed by patch amperometry.
Nature 389: 509–512.
35. Riedl J, Crevenna A, Kessenbrock K, Yu J, Neukirchen D, et al. (2008) Lifeact: a
versatile marker to visualize F-actin. Nat Methods 5: 605–607.
36. Gasman S, Chasserot-Golaz S, Malacombe M, Way M, Bader MF (2004)
Regulated Exocytosis in Neuroendocrine Cells: A Role for Subplasmalemmal
Cdc42/N-WASP-induced Actin Filaments. Mol Biol Cell 15: 520–531.
37. Vitale N, Mukai H, Rouot B, Thierse´ D, Aunis D, et al. (1993) Exocytosis in
chromaffin cells. Possible involvement of the heterotrimeric GTP-binding
protein G(o). J Biol Chem 268: 14715–4723.
38. Durieux AC, Prudhon B, Guicheney P, Bitoun M (2010) Dynamin 2 and human
diseases. J Mol Med (Berl) 88: 339–50.
39. Liu YW, Lukiyanchuk V, Schmid SL (2011) Common membrane trafficking
defects of disease-associated dynamin 2 mutations. Traffic 12: 1620–1633.
40. Koutsopoulos O, Koch C, Tosh V, Bohm J, North K, et al (2011) Mild
functional differences of dynamin 2 mutations associated to centronuclear
myopathy and Charcot-Marie-Tooth peripheral neuropathy. PloS One 6:
e27498.
41. Fulop T, Radabaugh S, Smith C (2005) Activity-dependent differential
transmitter release in mouse adrenal chromaffin cells. J Neurosci 25): 7324–
7332.23.
42. Ale´s E, Tabare´s L, Poyato J, Valero V, Lindau M, et al. (1999) High calcium
concentrations shift the mode of exocytosis to the kiss-and-run mechanism. Nat
Cell Biol 1: 40–44.
43. Perrais D, Kleppe IC, Taraska JW, Almers W (2004) Recapture after exocytosis
causes differential retention of protein in granules of bovine chromaffin cells.
J Physiol 560: 413–428.
44. Praefcke GJ, McMahon HT (2004) The dynamin superfamily: universal
membrane tubulation and fission molecules? Nat Rev Mol Cell Biol 5: 133–147.
45. Colliver TL, Pyott SJ, Achalabun M, Ewing AG (2000) VMAT-Mediated
Changes in Quantal Size and Vesicular Volume. J Neurosci. 20: 5276–5282.
46. Gong LW, Hafez I, Alvarez de Toledo G, Lindau M (2003) Secretory Vesicles
Membrane Area Is Regulated in Tandem with Quantal Size in Chromaffin
Cells. J Neurosci 23: 7917–7921.
47. Amatore C, Bouret Y, Travis ER, Wightman RM (2000) Interplay between
membrane dynamics, diffusion and swelling pressure governs individual
vesicular exocytotic events during release of adrenaline by chromaffin cells.
Biochimie 82: 481–96.
48. Yang Z, Li H, Chai Z, Fullerton M, Cao Y, et al. (2001). Dynamin II regulates
hormone secretion in neuroendocrine cells. J Biol Chem 276: 4251–60.
49. Harper C, Martin S, Nguyen T, Daniels S, Lavidis N, et al. (2011) Dynamin
inhibition blocks botulinum neurotoxin type a endocytosis in neurons and delays
botulism. J Biol Chem 286: 35966–35976.
50. Harper CB, Popoff MR, McCluskey A, Robinson PJ, Meunier FA (2012)
Targeting membrane trafficking in infection prophylaxis: dynamin inhibitor-
s.Trends Cell Biol 23: 90–101.
51. Pickett JA, Edwardson JM (2006) Compound exocytosis: mechanisms and
functional significance. Traffic 7: 109–116.
52. Reid AT, Lord T, Stanger S, Roman S, McCluskey A, et al. (2012) Dynamin
regulates specific membrane fusion events necessary for acrosomal exocytosis in
mouse spermatozoa. J Biol Chem 287: 37659–37672.
53. Lai W, Huang L, Ho P, Montefiori D, Chen CH (2011) The role of dynamin in
HIV type 1 Env-mediated cell-cell fusion. AIDS Res Hum Retroviruses 27:
1013–1017.
54. Leikina E, Melikov A, Sanyal S, Verma S, Eun B, et al. (2012) Extracellular
annexins and dynamin are important for sequential steps in myoblast fusion.
J Cell Biol 200: 109–123.
55. Miyauchi K, Kim Y, Latinovic O, Morozov V, Melikyan GB (2009) HIV enters
cells via endocytosis and dynamin-dependent fusion with endosomes. Cell 137:
433–444.
56. De la Vega M, Marin M, Kondo N, Miyauchi K, Kim Y, et al. (2011) Inhibition
of HIV-1 endocytosis allows lipid mixing at the plasma membrane, but not
complete fusion. Retrovirology 8: 99.
57. Spungin B, Margalit I, Breitbart H (1995) Sperm exocytosis reconstructed in a
cell-free system: evidence for the involvement of phospholipase C and actin
filaments in membrane fusion J Cell Sci 108: 2525–2535.
58. Duan R, Gallagher PJ (2009) Dependence of myoblast fusion on a cortical actin
wall and nonmuscle myosin IIA. Dev Biol 325: 374–85.
59. Nowak SJ, Nahirney P, Hadjantonakis A, Baylies M (2009) Nap1-mediated actin
remodeling is essential for mammalian myoblast fusion. J Cell Sci 122: 3282–
3293.
60. Wurth MA, Schowalter R, Smith E, Moncman C, Dutch R, et al. (2010) The
actin cytoskeleton inhibits pore expansion during PIV5 fusion protein-promoted
cell-cell fusion. Virology 404: 117–26.
61. Doreian BW, Fulop TG, Smith CB (2008) Myosin II activation and actin
reorganization regulate the mode of quantal exocytosis in mouse adrenal
chromaffin cells. J Neurosci 28: 4470–4478.
62. Hartig S, Ishikura S, Hicklen R, Feng Y, Blanchard E, et al. (2009) The F-BAR
protein CIP4 promotes GLUT4 endocytosis through bidirectional interactions
with N-WASp and Dynamin-2. J Cell Sci 122: 2283–2291.
63. Shin N, Ahn N, Chang-Ileto B, Park J, Takei K, et al. (2008) SNX9 regulates
tubular invagination of the plasma membrane through interaction with actin
cytoskeleton and dynamin 2. J Cell Sci 121: 1252–1263.
64. Samasilp P, Chan SA, Smith C (2012) Activity-dependent fusion pore expansion
regulated by a calcineurin-dependent dynamin-syndapin pathway in mouse
adrenal chromaffin cells. J Neurosci 32: 10438–10447.
65. Dharmalingam E, Haeckel A, Pinyol R, Schwintzer L, Koch D, et al. (2009) F-
BAR proteins of the syndapin family shape the plasma membrane and are
crucial for neuromorphogenesis. J Neurosci 29: 13315–13327.
66. Kessels MM, Dong J, Leibig W, Westermann P, Qualmann B (2006) Complexes
of syndapin II with dynamin II promote vesicle formation at the trans-Golgi
network. J Cell Sci 119: 1504–1516.
67. Koch D, Spiwoks-Becker I, Sabanov V, Sinning A, Dugladze T, et al. (2011)
Proper synaptic vesicle formation and neuronal network activity critically rely on
syndapin I. B.EMBO J 30: 4955–69.
Dynamin-2 Regulates Exocytosis by Actin Dynamics
PLOS ONE | www.plosone.org 9 August 2013 | Volume 8 | Issue 8 | e70638
68. Upadhyaya A, Chabot JR, Andreeva A, Samadani A, van Oudenaarden A
(2003) Probing polymerization forces by using actin-propelled lipid vesicles Proc
Natl Acad Sci USA 100: 4521–4526.
69. N˜eco P, Fernandez-Peruchena C, Navas S, Gutierrez LM, De Toledo GA, et al.
(2008) Myosin II contributes to fusion pore expansion during exocytosis. J Biol
Chem 283: 10949–10957.
70. Lin HC, Barylko B, Achiriloaie M, Albanesi J (1997) phosphatidylinositol (4,5)-
bisphosphate-dependent activation of dynamins i and ii lacking the proline/
arginine-rich domains. J.Biol Chem 272: 25999–26004.
71. Warnock DE, Baba T, Schmid SL (1997). Ubiquitously expressed dynamin-II
has a higher intrinsic GTPase activity and a greater propensity for self-assembly
than neuronal dynamin-I. Mol Biol Cell 8, 2553–2562.
72. Liu YW, Neumann S, Ramachandran R, Ferguson SM, Pucadyil TJ, et al.
(2011) Differential curvature sensing and generating activities of dynamin
isoforms provide opportunities for tissue-specific regulation. Proc. Natl. Acad.
Sci. U S A. 108, E234–42.
73. Montiel C, Mendoza I, Garcı´a CJ, Awad Y, Gracı´a-Olivares J, et al. (2003)
Distinct protein kinases regulate SNAP-25 expression in chromaffin cells.
J Neurosci Res 71: 353–364.
74. Ardiles AO, Maripillan J, Lagos V, Toro R, Mora I, et al. (2006) A rapid
exocytosis mode in chromaffin cells with a neuronal phenotype. J Neurochem
99: 29–41.
75. Parsons TD, Coorssen JR, Horstmann H, Almers W (1995) Docked granules,
the exocytic burst, and the need for ATP hydrolysis in endocrine cells. Neuron
15: 1085–1096.
Dynamin-2 Regulates Exocytosis by Actin Dynamics
PLOS ONE | www.plosone.org 10 August 2013 | Volume 8 | Issue 8 | e70638
